INTRODUCTION
Scuticociliates infect aquatic organisms opportunistically. Outbreaks of scuticociliate infection occur in many fish species, including olive flounder Paralichthys olivaceus (Yoshinaga & Nakazoe 1993 , Kim et al. 2004 , turbot Psetta maxima (= Scophthalmus maximus) (Dyková & Figueras 1994 , Sterud et al. 2000 , Iglesias et al. 2001 , Ramos et al. 2007 ), sea bass Dicentrarchus labrax (Dragesco et al. 1995) , and southern bluefin tuna Thunnus maccoyii (Munday et al. 1997) . Mortality is particularly high for olive flounder and turbot, resulting in economic losses in eastern Asia and Europe, respectively. Identification and taxonomy of the scuticociliates infecting these 2 flatfish species and other fish species are often confused. However, recently, Philastrerides dicentrarchi infecting turbot was synonymized with Miamiensis avidus infecting olive flounder, the latter of which was proposed as the name of the major causative agent of scuticociliatosis in the 2 flatfish species (Jung et al. 2007 ).
The occurrences of scuticociliatosis seem to be influenced by environmental and fish conditions. However, these conditions have not been specified yet. Based on anecdotal evidence, olive flounder suffer from scuticociliatosis more frequently in land-based aquaculture facilities supplied with water from saltwater wells in coastal areas, which generally have lower salinity, than in facilities supplied with coastal waters. Moreover, cultures of scuticociliates proliferate at a faster rate in media with osmolarity 300 to 500 mOsm kg -1 . These include Leibovitz's L-15 medium (Alvarez-Pellitero et al. 2004 ) and proteose peptone and yeast extract dissolved in diluted seawater (Yoshinaga & Nakazoe 1993) . Furthermore, the osmolarity of the body fluid of teleost fishes is regulated at roughly 300 mOsm kg -1 (Marshall & Grosell 2006) , or almost three-tenths of that of ocean water.
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MATERIALS AND METHODS
Fish. Juvenile olive flounder (mean total length [TL]: 85 mm) were purchased from a fish hatchery in the Aichi Prefecture, where fish were reared in saltwater (salinity 31) taken from a saltwater well. The fish were maintained in full-strength natural seawater (SW; salinity 35) in a closed-circuit tank (20°C) equipped with a biological filter prior to the experiments.
Parasite. We isolated a strain of scuticociliate from the brain of an infected flounder. The parasite was then cloned using the limiting dilution method, and cultured under aseptic conditions. For isolation and routine passage procedures, the ciliates were cultured at 20°C in P2Y1-1/3 SW medium (proteose-peptone 2% and yeast extract 1% dissolved in 1/3 strength SW) supplemented with 5% fetal bovine serum (FBS). Passages were conducted once a month by subculturing the old culture (1%) on fresh medium. The ciliate was identified as Miamiensis avidus by light-microscopic observation of unstained formalin-fixed specimens and silver-impregnated specimens for general morphology and by UV-light microscopic observation of specimens stained with the DNA-binding fluorescent dye, Hoechst 33342, for nuclear morphology, according to morphological characteristics described by Jung et al. (2007) . Furthermore, we sequenced the DNA of the small subunit (SSU) ribosomal RNA (rRNA) coding region of the clone following Jung et al. (2005) and obtained 100% similarity of sequence with that of M. avidus (GenBank accession no. AY55080). For the challenge experiments, the ciliates were cultured in P2Y1-1/3 SW, supplemented with 5% FBS, at 20°C for 1 wk. At this time, the culture had entered the early stationary phase. The cultures were then centrifuged (980 × g, 5 min) and the pellet was re-suspended in either 1/3 SW or SW at 10 3 cells ml -1 for challenges. The optimal cell density for the challenge had been determined during our preliminary experiment in which flounder were reared in 1/3 SW after being challenged by immersion at 10, 10 2 , or 10 3 ciliates ml -1 in 1/3 SW for 1 h; those challenged at 10 3 ciliates ml -1
showed the highest mortality (80%). Expt 1. This experiment was repeated twice under identical conditions using different batches of ciliates. We used 30 and 31 fish in the first and second trials, respectively. Fish were challenged by immersion in ciliate suspensions (5 l of 1/3 SW containing 10 3 ciliates ml -1 ) at 20°C for 1 h. Subsequently, 10 or 11 fish were transferred into 40 l of 1/3 SW, 2/3 SW, or SW in a recirculating aquarium (60 × 30 × 36 cm) equipped with an overhead biofilter. Fish were reared in the aquarium without food at 20°C. In addition, 10 unchallenged fish were reared in an aquarium containing either 1/3 SW or SW to serve as a negative control. Dead fish were removed from the aquaria daily. During the first trial we examined 5 organs (dorsal muscle of ocular side of body, gills, brain, dorsal fin, and liver) from each of the dead fish under a light microscope to determine the presence or absence of ciliates.
Expt 2. We established 4 treatment groups. Ciliates (10 3 cells ml treatment groups that were reared in either 1/3 SW or SW in identical aquaria. Each treatment group was duplicated (n = 10 per group). Fish were reared at 20°C without food. We removed dead fish daily. During the rearing period, the concentrations of ammonia and/or ammonium and nitrite were monitored daily by colorimeter methods using commercial kits (Tetra Test, Tetra Japan).
Statistical analysis. Kaplan-Meier survival curves were drawn and analyzed using the log-rank test. Holm's method was employed for multiple comparisons of survival.
RESULTS
In Expt 1, fish were challenged in 1/3 SW and subsequently reared in 1/3 SW, 2/3 SW, or SW. There was a trend of mortalities being higher and occurring faster in the lower concentrations of seawater (Fig. 1, Table 1 ). The trend was clearer in the second trial than in the first trial. Moribund and dead fish developed external symptoms including whitish necrotic patches and hemorrhagic ulcers on the skin and fins.
During the first trial of Expt 1, whitish patches were first noted on the skin of dead fish on Day 5. Most dead fish had between 1 and 4 whitish patches at various sites on the skin. Hemorrhages were first noted in dead fish on Day 8. Twelve of 30 moribund and dead fish had hemorrhages on the skin, fins, or jaws. Necrosis of the caudal fin was observed in 3 fish that died on Day 5 (reared in 1/3 SW), Day 7 (reared in 2/3 SW), and Day 10 (reared in SW). Furthermore, we found ciliates in the dorsal muscle of the ocular side of body, gills, brain, dorsal fin, and liver in 7, 60, 33, 77, and 10% of dead fish, respectively.
In Expt 2, fish reared in 1/3 SW after the challenges showed high mortalities, irrespective of whether they had been challenged in 1/3 SW or full-strength SW (Fig. 2, Table 1 ). On the other hand, fish reared in SW The experiment was carried out in duplicate had significantly higher survival compared with fish reared in 1/3 SW, irrespective of whether they had been challenged in 1/3 SW or SW (Table 1) . In this experiment, moribund and dead fish frequently displayed the same external symptoms as those in Expt 1. During both experiments, the concentrations of ammonia and/or ammonium and nitrite remained at harmless levels of below 0.5 ppm, respectively, in all aquaria.
DISCUSSION
In turbot, injection or immersion after abrasion were needed to obtain high mortalities in challenge experiments with Philasterides dicentrarchi (= Miamiensis avidus). Parama et al. (2003) challenged turbot by immersion after artificial abrasion, periorbital injection, intramuscular injection, and intraperitoneal injection. In their experiment, 60% mortality was obtained in the immersion challenge and 100% mortalities were obtained in other challenges. Puig et al. (2007) reported up to 66.7% mortality in fish injected with 40 000 ciliates. In olive flounder, Jung et al. (2007) and Song et al. (2009) reported 100% and 30 to 100% mortalities respectively in an immersion challenge with M. avidus, although the salinities of the seawater in their trials were not described.
In the present study, mortalities higher than 80% were experimentally obtained in olive flounder in hyposaline conditions. During Expt 1, mortalities were higher and faster in fish reared in hyposaline conditions than those in SW, although a considerable difference was observed in mortalities between Trials 1 and 2. During Expt 2, holding fish at a low salinity (1/3 SW) showed a significant effect on mortality irrespective of the salinities in the challenges. Our results suggest that rearing in hyposaline conditions can induce scuticociliatosis and resulting high mortality in flounder.
The high mortalities at lower salinities may be explained in 3 ways. First, the lower salinities may have favored the propagation of scuticociliates on the fish surface and in the aquaria, as seen in the propagation media (Yoshinaga & Nakazoe 1993) . It is likely that the scuticociliates were propagated in the overhead filter, although the ciliate densities in the filter were not examined. Organic substances trapped in the filter would provide an abundant source of food. The difference in mortalities between the first and second trials in Expt 1 may be attributable to differences in the propagation rates of the scuticociliates in the filters as well as tank effects and differences in ciliate batches and fish lots. Second, the scuticociliates may have increased their pathogenicity or at least their invading capacity in hyposaline waters. Third, the olive flounder may have been stressed by the lower salinity, which would increase susceptibility to infection. The first explanation seems the most plausible, but effects of hyposalinity on parasite pathogenicity and on host susceptibility deserve further study.
The primary sites of infection were divided into 3 categories: (1) the body surface, including skin, gills, and fin; (2) the brain; and (3) other internal organs, including muscle and viscera (Dyková & Figueras 1994 , Iglesias et al. 2001 , Kim et al. 2004 ). In the present study, infections with the scuticociliates were found in the skin, fins, gills, muscle, liver, and brain. Exposure to ciliates via immersion in a hyposaline environment resulted in an infection that was very similar to a natural infection.
In conclusion, the present study has demonstrated that lower-salinity conditions can be a key factor for outbreaks of scuticociliatosis in olive flounder, and suggests that avoiding the use of hyposaline seawater may lead to reduction of mortalities of olive flounder by scuticociliatosis in aquaculture farms. 
